The present study investigated and compared the complexation properties of different nitrogen moieties as donors with picric acid as the acceptor. The moieties were triethylamine (TEA), hydrazine (Hyd), thiosemicarbazide (TSC), phenylhydrazine (Phy), and pyridine (Pyr). The composition and stoichiometry of the synthesized complexes were verified by spectrophotometric titration and elemental analysis. The formed complexes were characterized using IR, Raman, 1 H NMR, and UV-Vis spectroscopy, and CHN elemental analysis. Thermogravimetric experiments were carried out to investigate the thermal properties of the complexes. The microstructure properties of these complexes were investigated using optical light microscope (OLM). The donation from the nitrogen moieties to the picric acid acceptor in decreasing order was found to be Hyd > TEA > TSC > Phy > Phr. Interestingly, the thermal degradation of the TSC complex led to sulphur atoms remaining as a final residual. The OLM micrograph patterns indicate the formation of high quality coloured crystals.
INTRODUCTION
During the last two decades, numerous studies have been reported on charge-transfer (CT) or protontransfer interactions. This is owing to their significant chemical and physical properties. CT interaction was first introduced by Mulliken 1 and has been widely discussed by Foster 2 . Mulliken 3 demonstrated that the CT interactions within a molecular complex that consists of an electron acceptor, A, and an electron donor, D, involve a resonance with a transfer of charge from D to A. The CT complexation is of great importance in chemical reactions, including condensation, substitution, and addition 4 , drugreceptor binding mechanisms, biological systems 5 , bioelectrochemical and biochemical energy-transfer processes 6 . The CT complexation of drugs is an important technique that is simpler, cheaper, and more efficient than many methods of drug determination described in the literature. Furthermore, the study of this complexation may be useful in understanding the mechanism of drug action and the drug-receptor interactions [7] [8] [9] [10] . CT complexation is also of great importance in many applications and fields, such as surface chemistry, electrically conductive materials, organic semiconductors, second-order nonlinear optical activity, and in nonlinear optical material [11] [12] [13] [14] . As part of our continuing interest in investigating CT interactions, synthesis, characterization, and applications [15] [16] [17] [18] , we focused this current study on the following objectives: (1) synthesize the CT complexes of picric acid (PA) acceptor with different nitrogen moieties (TEA, Hyd, TSC, Phy, and Pyr); (2) obtain the complexation stoichiometry using spectrophotometric titration and CHN elemental analysis; (3) calculate the spectroscopic data using the 1:1 and 1:2 Benesi-Hildebrand equations; (4) characterize the synthesized complexes structurally via IR, Raman, 1 H NMR, and UV-Vis spectroscopy; (5) study the thermal decomposition behaviour of the reported complexes using thermogravimetric analysis; (6) determine the kineticthermodynamic parameters (E * , A, ∆S * , ∆H * , and ∆G * ) using Coats-Redfern and Horowitz-Metzger equations; and (7) observe the microstructure characteristics of the reported complexes using OLM technique.
MATERIALS AND METHODS

Reagents
All the reagents used were of high analytical grade chemicals and were used as purchased. Triethylamine (TEA; C 6 H 15 N; 101.19), hydrazine (Hyd; N 2 H 4 ; 32.05), thiosemicarbazide (TSC; CH 5 N 3 S; 91.14), phenylhydrazine (Phy; C 6 H 8 N 2 ; 108.14), pyridine (Pyr; C 5 H 5 N; 79.1), and picric acid (PA; C 6 H 3 N 3 O 7 ; 229.1) (Fig. 1) were supplied by SigmaAldrich Chemical Company (USA). Methanol of HPLC grade was from E. Merck (Darmstadt, Germany).
Solutions
Standard stock solutions of the PA acceptor and each donor (5.0 × 10 −3 M) were prepared by dissolving precisely weighed quantities in a 100 ml volumetric flask using methanol as a solvent. The solutions were protected from light. Solutions for the spectroscopic measurements were made by mixing appropriate volumes of stock solutions with the solvent.
Synthesis
The synthesis procedure is summarized as follows. Two mmol of each donor (20 ml) was added to 20 ml of methanolic solutions containing PA (2 mmol) and stirred at room temperature for 1 h. Strong change in colours was observed upon mixing solutions of the donors with the PA acceptor. The resulting solutions were allowed to stand at room temperature. The formed crystals were isolated, filtered off, and washed with the minimum given solvent to obtain the pure products. The crystals were then collected and dried in vacuo for 48 h. The obtained crystals were characterized by spectroscopy (UV-Vis, IR, Raman, and 1 H NMR), elemental and thermal analysis. The TEA-PA, Hyd-PA, TSC-PA, Phy-PA, and Pyr-PA crystals have a yellowish brown, orange, golden yellow, metallic silver, and yellow colour, respectively.
Stoichiometric determination
To determine the stoichiometry of the CT interactions in solution-state, various molar ratios were examined by spectrophotometric titration measurements. A 0.25, 0.50, 0.75, 1.00, 1.50, 2.0, 2.50, 3.00, 3.50, or 4.00 ml of a standard solution of the PA acceptor in methanol solvent was added to 1.00 ml of each donor at 5.0 × 10 For ascertaining the constituents, purity, and compositions of the synthesized solid complexes, elemental analyses (C, H, and N) were determined with the Micro analyser Perkin-Elmer CHN 2400 (USA) at Cairo University, Egypt.
Physical measurements
All the electronic absorption spectral measurements were recorded in methanol over a wavelength range of 200-800 nm using a Perkin-Elmer Lambda 25 UVVis double-beam spectrophotometer at Taif University, Saudi Arabia.
The IR absorption spectra of the solid CT complexes were measured as KBr discs within the range of 4000-400 cm −1 on a Shimadzu FT-IR spectrophotometer (Japan) at Taif University, Saudi Arabia.
The Raman laser spectra were performed on a Bruker FT-Raman spectrophotometer (Germany) equipped with a 50 mW laser at Taif University, Saudi Arabia. 1 H NMR spectra were collected by the Analytical Centre at King Abdul Aziz University, Saudi Arabia, on a Bruker DRX-250 spectrometer operating at 600 MHz. The measurements were performed www.scienceasia.org at ambient temperature using DMSO-d 6 (dimethylsulphoxide, d 6 ) as a solvent and tetramethylsilane as an internal reference. Thermogravimetric analysis (TG) was carried out under nitrogen atmosphere between room temperature and 800°C using a Shimadzu TGA-50H thermal analyser (Japan) in the Central Lab at the Ain Shams University, Egypt.
An optical light microscope (OLM) instrument (model Meiji 7800 Techno Microscopy) was used to observe the morphological properties of the obtained crystals.
Calculations
The formation constant (K) and the molar extinction coefficient ( ) were determined spectrophotometrically using the 1:1 Benesi-Hildebrand equation 19 for the (1:1) CT complexes (with TEA, TSC, Phy, and Pyr donors) or the 1:2 modified BenesiHildebrand equation 20 for the (1:2) CT complexes (with Hyd donor). The spectroscopic data were used to calculate the energy of the interaction (E CT ) 21 , the oscillator strength ( f ) 22 , the transition dipole moment (µ) 23 , and the standard free energy (∆G − • ) 24 for the CT complexes in solution, using the equations described elsewhere in the literature.
Two different methods were employed to evaluate the kinetic-thermodynamic parameters in solid state: the Coats-Redfern method and the HorowitzMetzger method. The kinetic-thermodynamic data were used to calculate the activation energy (E * ), the frequency factor (A), the enthalpy of activation (H * ), the entropy of activation (S * ), and the Gibbs free energy of activation (G * ) in the solid state using the Coats-Redfern 25 and Horowitz-Metzger methods 26 .
RESULTS AND DISCUSSION
UV-Vis spectroscopy
The UV-Vis absorption spectra of the synthesized complexes (TEA-PA, Hyd-PA, TSC-PA, Phy-PA, and Pyr-PA) in solution mode were recorded in the range 200-800 nm (Fig. 2 ). These spectra indicated the presence of strong bands that correspond to the CT interactions. [(Phy + )(PA -)], and [(Pyr + )(PA -)]. These stoichiometries agree quite well with the elemental analyses of the formed solid complexes. values for all complexes are negative, indicating that the interaction between the donors and the PA acceptor is spontaneous. (8) The donation from the nitrogen moieties to PA acceptor in decreasing order is as follows: Hyd > TEA > TSC > Phy > Pyr.
Comparison of the spectroscopic data
Basicity effect on the stability of CT complexes
The comparison between the relative basicity of all the nitrogen moieties (TEA, Hyd, TSC, Phy, and Pyr) is discussed on the bases of evaluation the strength of the acidities of the conjugate acids of the bases (these conjugate acids are often 'onium' cations). The resulting pK a 's (K a is the acid dissociation constant) are proportional to the base strength of the bases. The pK a values of these bases are TEA, 10. 27 . The low basicity of Pyr is based on the fact that sp 3 -hybridized nitrogen is more basic than sp 2 -hybridized nitrogen since the lone pair in the latter is closer to the positive nucleus and thus less available for donation. On the other hand, the week basicity of Hyd was attributed to the α effect, in which the neighbour nitrogen attracts the lone pair of electrons of the other nitrogen; while in the Phy, the benzene ring decreases the α effect due to electron donating phenyl group; hence the Phy is slightly more basic than Hyd. In TSC, the α effect is much lower than Hyd and Phy due to the presence of tautomerized thiocarbonyl group which is more powerful attracting the hydrogen of the NH 2 group by hydrogen bonding if compared to the benzene ring. Finally, TEA is the more basic nitrogen compound, because it has a sp 3 hybridized nitrogen with three electron repealing groups, which increases the power of the lone pair of electrons instead of the α effect. Hence the basicity of the nitrogen moieties in decreasing order are as follows: TEA > TSC > Phy > Hyd > Pyr. This ordering agrees well with the stability of the formed 1:1 complexes (TEA-PA > TSC-PA > Phy-PA > Pyr-PA).
CHN analysis
The percentage of composition of the elements (C, H, and N), molar ratio, and colour of the CT complexes are shown in Table 2 . The experimental and calculated values of C, H, and N agree with each other and indicate that the obtained complexes are free from impurities. The stoichiometry of the PA acceptor complexes with the Hyd donor was found to have a 1:2 ratio, whereas its complexes with the TMA, TSC, Phy and Pyr Table 3 lists the peak assignments for the characteristic IR and Raman bands for the synthesized CT complexes. The full IR and Raman spectra of the complexes are illustrated in Fig. 6 . The IR/Raman spectra of the Hyd, TSC, and Phy complexes revealed the appearance of the main characteristic absorption bands that result from the stretching and bending deformation of the (−NH , respectively. The presence of these bands confirmed that the complexation occurs through the protonation of the (−NH 2 ) group of the donors via a proton-transfer phenomenon from the PA acceptor to the basic centre (−NH 2 group) of the donors to form NH + 3 ammonium [16] [17] [18] . In the IR/Raman spectra of the TMA and Pyr complexes, the characteristic bands observed at (IR/Raman) 3022/3038 cm −1 for TMA complex and 3074/3110 cm −1 for Pyr complex, which are assigned to ( + NH) asymmetric and symmetric stretching vibration, respectively. This observation indicates that the complexation occurs through the formation of hydrogen bonding between these two donors and the PA acceptor molecules 8, 9, 28 .
Vibrational spectroscopy
H NMR spectroscopy
The 600 MHz The signal of (−OH), which is observed at δ approximately 11.94 ppm in the spectrum of free PA, is absence in the spectra of these complexes. Instead, the peaks appeared at 5.26 (TEA), 6 .95 (TSC) and 7.49 ppm (Phy), are assigned to NH + 3 protons. These data indicate that the amino and (−OH) groups are involved in the formation of the CT complex between these donors and the PA acceptor. The band observed at 5.49 ppm in the TEA and Pyr complexes was attributed to the formation of ( + NH), indicates the deprotonation from the PA acceptor to these donors.
Comparison of the thermograms
The comparative study of thermograms for these complexes was carried out by TG under a static air atmosphere in the temperature range 25-800°C. The measurements were carried out using 11.44, 10.85, 12.80, 15.44, and 13.14 mg for TEA, Hyd, TSC, Phy, and Pyr complex, respectively. The thermoanalytical data for these complexes are collected in Table 4 , while their thermograms are presented in Fig. 7 . Analyses of the TG thermograms of the synthesized CT complexes provided the following observations: (1) The observed weight loss is in good agreement with the theoretical ones. of the acceptor moiety. (7) Decomposition of TEA and Pyr complexes led to residual carbon as a final product. (8) Interestingly, the thermal degradation of the TSC complex resulted in a residual sulphur atoms remaining as the final product. (9) The overall loss of mass is 89% for TEA-PA, 99% for Hyd-PA, 89% for TSC-PA, 99.8% for Phy-PA, and 88% for Pyr-PA. The calculated values is in excellent agreement with the total weight observed.
Comparison of the thermodynamic data
The thermodynamic parameters (E * , A, H * , S * , and G * ) associated with the CT complexes were evaluated graphically (Fig. 8) 
Microstructure properties
Optical light microscope (OLM) provides colourful micrographs. Colour is an advantage for residue identification and characterization, and can also help to recognize potential contamination. OLM was employed to observe the morphology of the prepared complexes. Fig. 9 illustrates multiple OLM pictures of the CT complexes. The complexation of PA acceptor with the different nitrogen moieties leads to very interesting microstructures. The high quality and well-focused micrographs indicate that these complexes have well-defined morphologies. The obtained complexes are crystalline, as indicated www.scienceasia.org by the formation of single-phases with well-defined shape. Visible change in the morphology is observed between the different CT complexes.
Structural interpretation
The structures of the synthesized CT complexes are confirmed by CHN analysis, spectrophotometric titration, spectral data, and thermal analysis. The data obtained by these techniques are in agreement with each other. Fig. 10 illustrated the proposed chemical structures of the synthesized CT complexes.
CONCLUSIONS
Intermolecular CT complexes between the nitrogen moieties of TEA, Hyd, TSC, Phy, and Pyr as donors with picric acid (PA) as an acceptor have been structurally, thermally, and morphologically investigated in MeOH solvent at room temperature. The obtained CT complexes were isolated and characterized by spectroscopy (IR, Raman, 1 H NMR, and UVVis) elemental and thermal analyses. Spectrophotometric titration and elemental analyses indicate that the CT complexes are formed based on a 1:1 stoichiometric ratio, except for Hyd donor (1:2 ratio). IR, Raman, and 1 H NMR revealed evidence of significant intermolecular hydrogen bonding interactions between each donor and PA acceptor based on their characteristic shifts. Thermal experimental data suggests that the formation of the complexes was spontaneous, stable, and exothermic. Significant changes in the morphology of these complexes were observed using optical light microscope.
